We analyze the crosshole data from the Antrim Shale gas play at the MIT test site in the Michigan Basin. A crosshole seismic logging analysis has revealed the presence of strong transverse isotropy possibly due to the alignment of clay platelets along the bedding plane or sedimentary bedding, and strong continuity in the depth interval covered in this study.
Introduction
The continuity logging method of measurements between boreholes has been used for detecting and characterizing channel waves and exploring their potential applications in different geological environments, and is currently being used for reservoir continuity in hydrocarbon fields. The concepts and applications are well Ž . documented by Liu et al. 1992 , Dresen and Ž . Ruter 1994 and others for coal-seams, and bÿ Ž . Ž . Krohn 1992 , Turpening et al. 1992 , Parra et Ž . al. 1996 and others for oilrgas reservoirs. The technique is now known as crosshole continuity logging or crosshole seismic logging, and the idea is based on the use of seismic channel waves, which have been widely used in the coal Ž industry where the method is known as in-seam . seismics to map the continuity of coal seams. Previous observations of channel-waves in crosshole surveys include examples from the Ž Conoco borehole test facility, Oklahoma Liu et . al., 1991; Lines et al., 1992 Lines et al., , 1995 , and Gypsy Ž test site, Oklahoma Turpening et al., 1992;  . Parra et al., 1996 . Synthetic examples were Ž . given by Zhong and Worthington 1994 and Ž . Ž . Parra 1996 . Lou and Crampin 1991 have provided a theoretical basis for channelwave propagation in anisotropic waveguides.
This paper deals with the analysis of crosshole data recorded in the Antrim Shale formation at the MIT test site, Michigan Basin. The data were recorded as part of a collaboration between Conoco and MIT's Earth Resource Laboratory. The main objective of this analysis was to demonstrate the applicability of crosshole channel waves to determine bed continuity in the Antrim Shale formation, and to assess the potential of using channel waves to characterize fractures. This study makes two contributions: Firstly, the concept of the crosshole seismic Ž . logging method CHSL is introduced to estimate the horizontal formation velocities directly by measuring the travel-time of the waves between source and receivers located at the same depth. Compared with the borehole sonic log Ž . vertical travel-times, we found that the horizontal P-wave velocities are about 30% higher than the vertical P-wave velocities. Such a large difference in velocities in different directions is regarded as a direct indication of bedding-inw duced anisotropy in the Antrim Shale commonly referred to as transverse isotropy with a Ž .x vertical axis of symmetry TIV . Secondly, we analyze the observed data in terms of velocity dispersion, attenuation and particle-motion, and suggest that channel waves are observed and are useful for the formation continuity logging. As production in the Antrim Shale is known to be Ž . fracture related Cain et al., 1996 , we attempted to interpret the channel waves in terms of fracture-induced seismic anisotropy. However, it was found that the azimuthal anisotropy w or transverse isotropy with a horizontal axis of Ž .x symmetry TIH is less obvious, but exists, particularly at the top of the interval examined in this survey. This is indicated primarily by the coupling of SH-waves onto in-line components.
Such a combination of TIV and TIH anisotropies results in an orthorhombic anisotropy symmetry as may be expected in most sedimentary rocks Ž . Bush and Crampin, 1991 . Finally, we conclude our studies by modeling the observations using synthetic seismograms, which provide further support to our interpretation.
Geological setting and data description
The geological setting of the Antrim Shale gas play in the Michigan Basin has been de-Ž . scribed by Sriram et al. 1991 and Cain et al. Ž . 1996 . A brief summary of these descriptions are given below. The upper Devonian Antrim Shale is an organic-rich marine shale that provides significant U.S. gas reserves. In June 1994, gas production reached 315 MMCFD from approximately 3700 wells, and is expected to increase to 500 MMCFD, equivalent to 1% of Ž . U.S. output Michigan Geological Survey . The productive trend, which covers 700 square miles, occurs near the formation's northern subcrop in the Michigan Basin, and is structurally charac-Ž . terized by gentle basin-ward dip F 28 . The Antrim Shale is a fractured, algae-rich, highly siliceous, pyritic shale with minor inter-particle porosity. Three factors contribute to the uncon-Ž . ventional nature of the gas play: 1 methane Ž . desorption from kerogen; 2 orthogonal re-Ž . gional fractures; and 3 a portion of the gas is self-sourced from a low thermal maturity rock.
Two dominant fracture sets, exhibited in both outcrops and the subsurface, provide the essential reservoir permeability in the Antrim Shale. Both sets are characterized by fairly linear traces and near vertical dips, and exhibit little or no offset. The two fracture sets form a nearly orthogonal fracture pattern in plan view with each set showing an average fracture spacing of approximately three feet. Such characteristics are typical of regional fractures which develop Ž independently of local structure Cain et al., . 1996 . Abutting the relationships indicate that most of the northwest-striking fractures formed by natural hydraulic fracturing as hydrocarbons were generated in the organic shales during the late Palaeozoic subsidence of the Michigan Basin. These NW-striking fractures developed under the influence of the Alleghenian orogenic stresses and are generally analogous to the cross-fold fractures in the Devonian strata of the Appalachian Basin. The NE-striking fractures formed as a result of cooling and unloading during basin uplift in response to local reversal of the minimum and intermediate principal stresses. These later NE fractures tend to have short, curving traces. Despite the existence of regional fracture sets, well productivity can vary greatly over a short distance. Lines . et al., 1992 Lines . et al., , 1995 . Fig. 1 displays a typical plot of raw six-com-Ž . ponent 6-C seismograms after rotary source decomposition for a common-source gather with Ž . the source at the depth of 1002 ft 305 m . The left column of 3-C seismograms with XX, XY and XZ are from in-line sources, and the right column of 3-C seismograms with YX, YY and YZ are from cross-line sources. The first letter denotes the source orientation, and the second the receiver orientation. Several features are immediately obvious in Fig. 1 . The predominant feature is that P-and S-waves are completely separated: P-waves appear primarily in the XX Ž . or radial components from the in-line sources, Ž . and S-waves appear in YY or transverse component from the crossline sources. This is not wholly expected, and may be related to the rotary source decomposition. Another feature in Fig. 1 is the low frequency content of S-waves in comparison with P-waves. The following analysis and synthetic modeling suggests that the absence of S-waves in the radial and vertical components from in-line sources may be due to the strong attenuation of S-waves. The third feature is the strong amplitude variation with depth despite the fact that rays deviated from the horizontal by less than 108. These amplitude variations with depth as seen in Fig. 1 coincide with two low velocity zones. There is also a small energy leaking onto the radial components from the crosshole-line sources for shallow receivers, whereas for deep receivers, there seems to be little coupled energy. The coupled energy is normally regarded as a direct indication of azimuthal anisotropy, but it can also be caused by source coupling. Fig. 2 . Gamma ray left column and sonic middle column logs measured at the receiver borehole. The third column Ž . displays the observed P-wave data from the XX-components e.g., in-line or X-components from in-line sources with source and receivers located at the same depth, and the fourth column displays the observed S-wave data from the Ž . YY-components i.e., cross-line or Y-components from cross line sources . True relative amplitudes are shown. Two low-velocity zones marked A and B are also shown. Fig. 2 shows a comparison of the recorded crosshole P-waves from XX-components and S-waves YY-components with gamma ray and sonic logs. The seismograms were plotted in a such way that the sources and receivers are at Ž . the same levels depths , so that horizontal seismic velocities can be directly measured. Amplitude variation with depth and the corresponding velocity profiles in Fig. 2 suggest that the observed wavefields are dominated by channel waves and this will be discussed in Section 4. The comparison of the sonic log vertical velocity with the CHSL horizontal velocity is shown Ž in Fig. 3 . The solid lines in Fig. 3 are later used to build a layered model which is used to . calculate synthetic seismograms. Note that the measured CHSL horizontal velocities in Fig. 3 do not show the expected low velocity zones as seen in sonic logs. This is caused by the inaccuracy in travel time picking in the data. The average horizontal P-wave velocity V be- the P-wave DOA from our analysis above is approximately 30%. Similarly, the DOA for S-waves is about 38%.
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Estimation of anisotropy parameters
A TIV medium is described by five independent elastic constants. Four of the five elastic constants can be determined by:
Ž .
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33 33 44 and g are, respectively, the measurements of P-and S-wave anisotropy. From Fig. 3 The 30% difference between the horizontal seismic velocity and vertical sonic log velocity cannot be explained simply by the drift expected from the two measurements at different Ž frequencies sonic logs usually measure velocity at several kilohertz, and the seismics measure velocity between 100 and 400 Hz in this exam-. ple . The drift caused by the velocity dispersion is normally less than 10% and is typically 5%. The only satisfactory explanation for such a difference between the vertical and horizontal velocities is the alignment of clay platelets along Ž the bedding planes White et al., 1983; Hornby, . 1995; Slater, 1997 or direct bedding-induced anisotropy in the Antrim Shale, and such anisotropy is believed to be a common feature in Ž . sedimentary rocks Bush and Crampin, 1991 . The strong oscillations in sonic log and gamma Ž . ray log between the depths of 1100 ft 350 m Ž . and 1210 ft 370 m are an indication of shaly sands or sandrshale sequence, possibly the transition between shales in the upper portion Ž . with high gamma rays and low velocity and Ž sands towards the base low gamma rays and . high velocity .
Crosshole channel wave analysis
In Fig. 2 , we show that there is a good correlation between the channel-wave mode excitations with the velocity variations. The large amplitudes dominate the records in the top parts of the section, corresponding to the low velocity 
Ž
. of 1090 ft 330 m . A comparison of their amplitude spectra is also given in Fig. 4 . Typically, the P-wave energy is concentrated between 100 and 350 Hz with a peak frequency around 250 to 300 Hz, whereas for S-waves, it is about half, i.e., around 100 to 250 Hz with a peak frequency generally around 120 Hz. Dziewonski et al., 1969 . The lines are theoretical dispersion curves for an isotropic and TI media and are calculated for a three-layer model using the anisotropic propagation matrix method Ž . described in Lou and Crampin 1991 . The isotropic channel wave modes are marked A, B and C corresponding to the fundamental, first higher and second higher Love wave modes on the curves, and similarly the corresponding D, E and F marks the fundamental, first higher and second Love wave modes in a TI medium. It is seen that the first higher mode Love channel wave from a model with 30% TIV anisotropy is required to fit the observation as the energy is concentrated around a velocity of 7300 ftrs Ž . 2230 mrs . Therefore, dispersion analysis of channel waves provides an estimation of S-wave velocities. The data actually have a narrow frequency range of between 70 and 250 Hz. Nevertheless, the observation does show some pronounced dispersion characteristics, such as the long wavetrain.
Dispersion
Attenuation
One of the noticeable features in the data is the difference in frequency content between Pand S-waves. This is true for the whole dataset, and is clearly demonstrated in Fig. 4 . We use the spectral ratio method to estimate the relative attenuation of both the P-and S-waves. Follow- 
Ž
. ing Toksoz et al. 1978 and Li and Richwalskï Ž . 1996 , the amplitudes of plane waves for two recorded signals traveling at a distance x can be expressed as:
Ž . Ž .
where A is amplitude, f is frequency, k is Ž . wavenumber, G x is a geometrical factor which Ž . includes spreading, reflections, etc., and a f is the frequency-dependent attenuation coefficient. Subscripts refer to signals 1 and 2. If we assume that a is a linear function of frequency,
Ž .
we can write a f s af, where a is constant and related to the quality factor Q by:
Ž . aV for a given velocity V. In the crosshole experiment, as both source and receiver boreholes are vertical, we measure the signal for both source and receiver at the same level, therefore G and 1 G are frequency-independent scaling factors. The ratio of Fourier amplitudes is:
A G Figs. 6 and 7 , a few selected plots of spectral Ž . ratio variation with frequency in log scales are shown for both P-and S-waves, respectively. The straight line in each plot is the best linear Fig. 6 . Variation of logarithmic spectra amplitude ratio with frequency for CHSL P-waves at selected depths. The straight line is the best fit between frequencies of 50 and 300 Hz. The number on the top right corner of each plot denotes the sourcerreceiver depth, and the number on the bottom left corner of each plot indicates the goodness-of-fit normalized to unit standard deviation. The larger the value Ž is, the good the fit is the maximum value or a perfect fit . to linear line should be 1 . fit to the observed variations, and the relative attenuation can be estimated by the slope of the straight line. For P-waves, we try to fit the lines in the frequency range of 50 to 300 Hz, and for S-waves, we fit the lines between frequencies of 50 and 200 Hz. The number on the bottom left corner of each plot indicates the goodness-of-fit Ž normalized to unit standard deviation Press et . al., 1992 . The larger the value is, the good the Ž fit is the maximum value or a perfect fit to . linear line should be 1 . In general, the linear fit to the observed log amplitude spectra is better for S-waves than for P-waves. The final estimated relative attenuation variation with depth is given in Fig. 8 with the error bars indicating the standard deviation. There is a large variation of P-wave attenuation with depth, and an almost linear increase in relative attenuation with depth
Ž . Fig. 8 . Variation of the relative attenuation DQ with depth. a P-waves and b S-waves. The error bars mark the standard deviations.
for S-waves. The maximum reduction in amplitudes is equivalent to about Q y1 s 30. As recorded S-waves have a low frequency content compared with the recorded P-waves, this indicates the stronger attenuation of the S-waves than the P-waves. This could be due to several factors, including the presence of fluids, intrinsic viscoelastic properties and wave scattering. The lithology at the depth covered in the crosshole experiment may be shaly sand, which is characterized by the large variation in the gamma ray logs. Also at this depth interval, we see a general velocity increase with depth. Both are indication of transition between shale and sand. The presence of channel waves has indicated the high degree of bed continuity between the source and the receiver boreholes. However, it is unlikely that a layering effect can account for a strong attenuation of S-waves, but not for P-waves. The strong attenuation associated with S-waves may therefore be attributed to viscoelastic properties of porous shaly sands or scattering by fractures.
Polarizations
A cross-component energy coupling is normally regarded as the first noticeable feature of azimuthal anisotropy. In an earlier study, we found that a simple indication of fracture-induced anisotropy is the presence of coherent energy in the vertical components from SH-type Ž . sources Liu et al., 1991 . From Fig. 1 , we find that there is very little energy coupled in cross components. One explanation for the overall lack of cross-component coupling of energy may be that the raypaths happen to be parallel or perpendicular to the fracture planes, so that only one mode of shear-waves is excited. Another explanation is that the anisotropy-induced coupling may indeed be small for the near horizontally propagating waves. In a synthetic Ž . seismogram study by Lou and Crampin 1991 , the energy on radial-components from the SHsource is 5% to 10% less than that on the transverse-components even for a crack density Ž of 10% for near vertical propagations in VSPs, ( )a 10% anisotropy can introduce a strong cou-. pled energy . A further explanation is that the interwell distance is relatively large, and the small coupled energy may have suffered a significant attenuation.
If fracture-induced azimuthal anisotropy does exist, its combination with layering-induced anisotropy will result in an anisotropy with an orthorhombic symmetry. This was first ob-Ž served in the Paris Basin Bush and Crampin, . 1991 , and is now believed to be a common feature of sedimentary basins. When a weak Ž . TIH anisotropy say 10% is combined with a Ž . strong TIV anisotropy say 30% , the polarizations of the fast split shear-waves in both hori-Ž . Ž . zontal R-T and vertical V-T planes are pre- Fig. 9 . Plate Caree cylindrical projections of the polarizations of split shear-waves propagating in a medium with Ž . combination of 5% azimuthal anisotropy TIH and 30% TIV anisotropy. It shows the full range of raypath direction Ž . Ž . from upward y908 to downward 908 to a receiver from azimuth of 08 to 3608. Polarizations of the leading split shear-waves are projected onto horizontal, marked radial and transverse, and vertical and transverse cross-sections for a fixed amplitude of displacement. The length of the symbols indicates the amplitude of a normalised leading shear-wave for the appropriate direction. dominantly in the transverse direction regardless of the direction of horizontal raypaths relative to Ž . the fracture orientation Fig. 9 . Fig. 9 shows the Plate Caree cylindrical projections of thé polarizations of split shear-waves propagating in a medium with a combination of 5% azimuthal Ž . anisotropy TIH and 30% TIV anisotropy. It shows the full range of raypath direction from Ž . Ž . upward 908 to downward 908 to a receiver from azimuth of 08 to 3608. Polarizations of the leading split shear-waves are projected onto horizontal, marked radial and transverse, and vertical and transverse cross-sections for a fixed amplitude of displacement. The length of the symbols indicates the amplitude of a normalised leading shear-wave for the appropriate direction Ž . see Liu et al., 1989; Baptie et al., 1993 . This seems to be the case in Fig. 1 , where the predominant energy is in the horizontal T components. The first motions are all in the transverse direction. It thus makes it unlikely that fracture orientations can be predicted from particle-motion analysis alone for near horizontal raypaths.
Synthetic seismogram study
Since TIV anisotropy is a dominant feature of the observations, we only include TIV anisotropy in our modeling. Synthetic seismograms were generated using the anisotropic reflectivity Ž . method of Kennett 1983 , which was extended to the full anisotropic media by Booth and Ž . Crampin 1983 . The model consists of 25 hori-Ž . zontal layers see Fig. 3 . From the horizontal and vertical velocities as shown in Fig. 3 , four of the five elastic constants for TIV media C , 11 C , C and C can be determined from Eqs. Ž . Ž . Ž . Ž . 1a , 1b , 1c and 1d . The fifth elastic constant C was estimated by solving the Christoffel equation for the off-axis raypaths Ž . following Helbig 1994 . Attenuation was introduced in the modeling by using estimated relative quality factors in Fig. 8 . Since we do not have a measurement of density, we have used ( )an average density of 2.3 for shales as listed in Ž . Thomsen 1986 to generate synthetic seismograms. However, we believe this is justified and does not affect our final conclusions of this paper. The source function used in calculating the synthetic seismograms is a Ricker wavelet with a peak frequency of 200 Hz. Both in-line Ž .
Ž . X and cross-line Y sources are used to represent in-line and cross-line source decompositions of the rotary sources. Fig. 1 shows a typical 6-C common-source Ž gather with the source at a depth of 1002 ft 305 . m . The corresponding synthetic seismograms for an isotropic model based on the sonic log Ž . velocities solid line in Fig. 2 are shown in Fig.   10 . We can see a clear difference in the travel-Ž time between synthetics and observations by . 0.1 s for S-waves and 0.05 s for P-waves . A much better fit to the travel-time is given in Fig.  11 , computed for a model with a 30% TIV anisotropy. The large amplitudes in both synthetics and observed records are at shallow receivers. Also present in the synthetic seismograms are the S-waves with a small amplitude in the radial and vertical components from the in-line sources, which are almost absent in the observations. This could be a further confirmation of the strong S-wave attenuation. The variation of S-wave amplitudes with depth in the synthetic seismograms is similar to that of the Fig. 10 . Synthetic seismograms generated for an isotropic model based on the simplified layered structure in Fig. 4 . The velocity profile is taken from the sonic log. observed data, confirming the need to include the TIV anisotropy in the modeling, and also the channelling phenomenon of the low velocity zones identified in the sonic log.
Conclusions
We have presented strong evidence of TIV Ž . and less obvious TIH anisotropies in the Antrim Shale formation using the analysis of crosshole channel-wave data. The results can be summarized as follows.
Ž . 1 A crosshole seismic logging analysis reveals that there is a strong bedding-induced anisotropy over the depth interval covered in this experiment. The horizontal P-velocity is about 30% higher than the vertical P-velocity. Despite the lack of cross-component coupling, we have nevertheless found evidence of fracture-induced azimuthal anisotropy. Estimation Ž . of fracture parameters orientation and density have not been possible due to limited data available.
Ž . 2 P-and S-waves are well separated in the crosshole data. The dominant S-wave frequency is between 100 and 250 Hz in contrast to the P-waves, which have a higher frequency of between 100 and 350 Hz. This suggests that S-waves suffer a significant attenuation due to viscoelastic properties of porous shaly sands or scattering by fractures. 
Ž .
3 The S-wave data are dominated by channel-wave modes traveling at very high angles, i.e., the wavefront normal is nearly horizontal. Channel waves are characterized by their dispersive nature, and have elliptical particle motions. The observation of channel-wave modes strongly suggests a high degree of bed continuity between the source and receiver wells.
Ž . 4 A modeling study using synthetic seismograms has provided strong support to our interpretation. Calculated synthetic seismograms show a similar variation of amplitudes with depth to the observations, confirming the existence of continuous waveguides identified in the sonic log. They also confirm the need to include a 30% TIV anisotropy in the Antrim Shale formation.
